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FTIR spectroscopyOne of the main functions of microbial rhodopsins is outward-directed light-driven proton transport across the
plasmamembrane, which can provide sources of energy alternative to respiration and chlorophyll photosynthe-
sis. Proton-pumping rhodopsins are found inArchaea (Halobacteria),multiple groups ofBacteria, numerous fungi,
and some microscopic algae. An overwhelming majority of these proton pumps share the common transport
mechanism, inwhich a proton from the retinal Schiff base isﬁrst transferred to the primary proton acceptor (nor-
mally an Asp) on the extracellular side of retinal. Next, reprotonation of the Schiff base from the cytoplasmic side
is mediated by a carboxylic proton donor (Asp or Glu), which is located on helix C and is usually hydrogen-
bonded to Thr or Ser on helix B. The only notable exception from this trend was recently found in
Exiguobacterium, where the carboxylic proton donor is replaced by Lys. Herewe describe a new group of efﬁcient
proteobacterial retinal-binding light-driven proton pumps which lack the carboxylic proton donor on helix C
(most often replaced by Gly) but possess a unique His residue on helix B.We characterize the group spectroscop-
ically and propose that this histidine forms a proton-donating complex compensating for the loss of the carbox-
ylic proton donor.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Microbial rhodopsins constitute a large family of versatile 7TM
retinal-binding ion transporters, light-gated channels, and membrane-
embedded photosensors [1–3]. Light-driven proton transport is one of
the most studied and basic functions of microbial rhodopsins. The out-
ward transport of protons (alternatively viewed as inward hydroxide
transport [4–6]) is important bioenergetically, as it can supplement pro-
duction of ATP under the conditions when respiration is inefﬁcient due
to the scarcity of carbon sources and/or oxygen. Originally, proton-
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ebrown@uoguelph.ca[7], and the main features of the mechanism of the light-driven proton
transport have been elucidated for bacteriorhodopsin (BR) from
Halobacterium salinarum [4,8–13] and its close relatives such as
archaerhodopsins, cruxrhodopsins and deltarhodopsins from various
species of Halobacteria [14–16]. More than a quarter of century later, a
chain of discoveries established widespread presence of proton-
pumping rhodopsins in marine and freshwater eubacteria, and these
proteins became known as proteorhodopsins (PRs), xanthorhodopsins
(XRs) and actinorhodopsins [17–20]. In parallel, it was realized that var-
ious lower eukaryotes, includingmultiple fungi and some algae, possess
retinal-binding light-driven proton pumps as well [21–24]. Biophysical
studies of proton transport in these newly discovered rhodopsins pro-
vided information on the essential (conserved) and optional (variable)
elements in its molecular mechanism [25–27].
The consensus on the general mechanism emerging from these stud-
ies looks fairly simple and involves only three important elements: the
retinal Schiff basewith lysine sidechain onhelixG (Lys216 inBR), primary
proton acceptor on the extracellular side of helix C (Asp85 in BR, usually
in complex with His in PR and XR) [28–30], and proton donor (usually
carboxylic, Asp96 in BR) on the cytoplasmic side of helix C. Upon
photoisomerization of the retinal chromophore of the light-adapted par-
ent state (from all-trans- to 13-cis-), the Schiff base proton is transferred
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a strongly hydrogen-bonded water molecule [31–33]. For the majority of
proton-pumping rhodopsins, the second half of the photocycle involves
the reprotonation of the Schiff base nitrogen from the cytoplasmic car-
boxylic proton donor, which does not interact with the Schiff base direct-
ly, but rather communicates with it via a number of water molecules
entering the cytoplasmic half of the protein after a conformational change
[34,35]. In the resting dark state, the environment of the cytoplasmic pro-
ton donor is hydrophobic, which keeps it protonated and prohibits com-
munication of the Schiff basewith the cytoplasmic bulk, preventing back-
ﬂow of protons in the dark. The most characteristic scenario is the one in
which the donor is represented by Asp on helix C interacting with Thr on
helix B (typical for archaeal and fungal rhodopsins), or Glu on helix C
interacting with Ser on helix B (typical for eubacterial rhodopsins) [29,
36,37]. It was shown that, in some cases, disruption of this Asp/Thr
(Glu/Ser) pairing results in strong perturbation of the protein transport
function [38,39]. On the other hand, one should note two exceptions
from this general trend. First, in algal rhodopsin from Acetabularia the
aspartic proton donor is conserved, but interacts with Cys on helix G
[40]. Second, more striking departure from “the carboxyl rule” [41] is
that found in Exiguobacterium, where the carboxylic proton donor is re-
placed by Lys [42]. Unlike the typical carboxylic proton donors, this lysine
residue resides in a hydrophilic cavity and may form a proton-donating
complex with water molecules [41,43].
Here we describe a new group of proteobacterial proton-pumping
rhodopsins which provide yet another scenario for the design of the cy-
toplasmic proton donor. In this group, the carboxylic cytoplasmic donor
on helix C is missing, most often being replaced by Gly, but a new
unique His residue is introduced into the cytoplasmic half of helix B,
into the position homologous to that of Thr46 of BR. We spectroscopi-
cally characterized two representatives of this group, from Pseudomonas
putida (PspR) and Pantoea ananatis (PaR), conﬁrmed their proton-
pumping ability, and investigated the role of the new unique histidine
in reprotonation of the retinal Schiff base.2. Materials and methods
2.1. Protein expression — PspR
Genes encoding wild-type (gi 558523492) and mutant PspR were
cloned into pET21a(+) vector (EMD Millipore, Billerica, MA) by
GenScript (Piscataway, NJ) using NdeI–XhoI restriction sites, which
added C-terminal 6× His-tag after the LE insert. Escherichia coli
C41(DE3) OverExpress Chemically Competent Cells (Lucigen, Middleton,
WI) were transformed with the plasmids using Lucigen's heat-shock
transformation protocol. After thawing the E. coli C41 cells on ice for
20 min, 1 μL of plasmid solution (up to 200 ng DNA) was added to
50 μL of cells and incubated on ice for 30 min. The cells were heat-
shocked in a 42 °C water bath for 45 s, and then incubated on ice for
2 min. The cells were added to 950 μL of Expression Recovery Media
(Lucigen) and incubated at 37 °C and 250 rpm for 1 h. 100 μL of cell cul-
ture was spread plated onto 2×YT agar plates (1% yeast extract, 1.6%
tryptone, 1% NaCl, 1.5% agar, 0.1mg/mL ampicillin, pH 7.0) and incubated
overnight at 37 °C.
For the small scale colony screening, eight isolated bacterial colonies
were selected to inoculate 5 mL of 2×YT media for incubation at 37 °C
and 240 rpm overnight and transferred to 25 mL 2×YT media. When
the 25 mL culture reached an optical density at 600 nm (OD600, mea-
sured by Cary50, Varian) of ~0.4, it was induced by 1 mM isopropyl-β-
D-thiogalactoside (IPTG) and 7.5 μM all-trans retinal. The induced cell
culture was incubated for 3 h at 37 °C and 240 rpm. The cells were col-
lected through low-speed centrifugation at 5000×g and 4 °C. The inten-
sity of color between the cell pelletswas compared, and the colonywith
the most intense pink color and largest pellet was selected as the best
protein expressing colony.The best protein expressing colonywas grown in 1 L of 2×YTmedia
using shake ﬂask cultures. The colony material was used to inoculate
2 mL media and was incubated overnight at 37 °C and 240 rpm. The
2mL cell culturewas used to inoculate 25mLmedia whichwas then in-
cubated overnight at 37 °C and 240 rpm. The 25 mL cell culture was
used to inoculate 1 L media and was incubated at 37 °C and 275 rpm.
Once an OD600 of ~0.4 was reached, the 1 L cell culture was induced
with a total concentration of 1 mM IPTG and 7.5 μM all-trans retinal
andwas incubated for 3 h. The cells were collectedwith low-speed cen-
trifugation at 5000 ×g and 4 °C for 10 min. The cell pellet was re-
suspended in 150 mM NaCl and was centrifuged again at 5000 ×g and
4 °C for 10min. The cell pellet was re-suspended in 40mL of lysis buffer
(0.15MNaCl, 0.05MTris base, 1mMMgCl2, 2 μg/mLDNase I, 0.2mg/mL
lysozyme, pH = 7.2). The suspended cells were left to shake (IKA
VIBRAX) at 400 rpm at room temperature for 3 h and frozen for future
use.
2.2. Protein expression— PaR
The PaR gene (gi 291152482) codons were optimized for the E. coli
expression system, synthesized (EuroﬁnsGenomics Inc.) and expressed
in E. coli C41(DE3) strain using a pET21a(+) vector with C-terminal 6×
His-tag. The protein was puriﬁed in a way similar to previously de-
scribed [44]. Brieﬂy, the cells were suspended with Buffer-A (0.05 M
Tris base, 5 mM MgCl2, pH = 8.0). The cells were disrupted with
French-Press on ice. After the removal of undisrupted cells by centrifu-
gation (10,000 ×g, 15 min, 4 °C), crude membranes were collected by
further centrifugation (142,000 ×g, 60 min, 4 °C). The membranes
were thoroughly homogenized using Buffer-S (300 mM NaCl, 0.05 M
Tris base, 5 mM imidazole, pH= 6.5). Themembranes were solubilized
with 1.5% n-Dodecyl β-D-maltoside (DDM) overnight at 4 °C. The solu-
bilized membranes were centrifuged (142,000 ×g, 45 min, 4 °C) and
the supernatant was applied onto a Co2+-afﬁnity column (TALON,
Qiagen). The unbound material was washed out with Buffer-W
(300 mM NaCl, 50 mM imidazole, 50 mM MES, 0.1% DDM, pH = 6.5).
The bound protein was eluted by using Buffer-E′ (300 mM NaCl,
300 mM imidazole, 50 mM Tris–HCl, 0.1% DDM, pH = 7.0).
2.3. Sample preparation and experimental set-up for time-resolved spec-
troscopy in the visible range
The thawed cells were sonicated (Fisher Sonic Dismembrator Model
500) three times at 45% amplitude for 2:30 min in 30 second intervals.
The sample was spun down to check for complete cell lysis at
5000×g and 4 °C for 15min and the supernatantwas collected. The pel-
let, containing unbroken cells with expressed protein, was re-
suspended in 20 mL of lysis buffer, sonicated, and then centrifuged
again as before. This process was repeated typically three times until
the supernatant after low-speed centrifugation showed little to no
pink color intensity. The broken membrane fragments were then col-
lected with the ultracentrifuge at 150,000 ×g and 4 °C for 1 h. Flash-
photolysis experiments were run on the crude membrane fragments
encased within polyacrylamide gels. The membranes were re-
suspended in 0.4 mL of pH 8 buffer (50 mM KH2PO4 and 50 mM Tris)
and the following was added: 0.3 mL of 33% acrylamide and 1% bis-
acrylamide solutions, 2.4 μL of 10% ammonium persulfate, and 3 μL of
N, N, N′, N′-tetramethylethylenediamine. After solidiﬁcation, the gels
were washed with deionized water for a total of 4 h at room tempera-
ture, and stored at 4 °C in deionized water or buffer. The following
buffers were used unless indicated otherwise: pH 1–5 (50 mM
KH2PO4, 50 mM K acetate); pH 6 (50 mM KH2PO4, 50 mM MES);
pH 7–8 (50 mM KH2PO4, 50 mM TRIS); and pH 9 (50 mM KH2PO4,
50 mM CHES). Spectroscopy was performed using a custom-built
single-wavelength spectrometer described elsewhere [21]. In brief, the
photocycle was initiated with 7 ns pulses of the second harmonic of
anNd-YAG laser at 532 nm (ContinuumMinilite II). Absorption changes
1520 A. Harris et al. / Biochimica et Biophysica Acta 1847 (2015) 1518–1529of the monochromatic light (provided by an Oriel QTH source and two
monochromators) were followed using an Oriel photomultiplier, an
ampliﬁer with a 350 MHz bandwidth, and a Gage AD converter
(CompuScope 12100-64M). Kinetic traces were averaged and convert-
ed into a quasi-logarithmic time scale using in-house software. Global
multi-exponential analysis was performedby FITEXP [45] and exponen-
tial analysis of single kinetic traces was performed by SPSERV
(C. Bagyinka, BRC Szeged, Hungary).
2.4. Sample preparation and experimental set-up for Raman spectroscopy
Vibrational spectroscopy was performed on His-tag-afﬁnity puriﬁed
lipid-reconstituted samples. The membrane pellet was re-suspended in
solubilization buffer (5mMTris base, 1%DDM, pH=7.5) andwas left to
stir overnight at 4 °C in thedark. The insolublemembrane debriswas re-
moved with the ultracentrifuge at 150,000 ×g and 4 °C for 1 h. The su-
pernatant was collected, and the protein yield was estimated
spectrophotometrically (Cary50) using the extinction coefﬁcient of BR,
to determine the amount of nickel-nitrilotriacetic acid (Ni2+-NTA)
resin (Qiagen) to be added. The resin was washed with 200 mL of
150mMNaCl on amembraneﬁlter, re-suspended in 10× binding buffer
(3 M NaCl, 0.5 M Tris base, 0.05% DDM, pH = 8), and added to the sol-
ubilized protein sample to stir overnight in the 4 °C cold room. A mem-
brane ﬁlter (Thermo Scientiﬁc Nalgene MF75 Filter, 0.8 μm pore size)
was used to wash the protein bound to resin sample approximately
eight times with 25 mL of washing buffer (0.3 M NaCl, 0.05 M Tris,
40 mM, 0.05% DDM, pH = 8) to remove any undesired proteins. The
washed protein-resin sample was collected by low-speed centrifuga-
tion at 2000 ×g and 4 °C for 5 min. The supernatant was discarded
and 5–10mL of elution buffer (0.3MNaCl, 0.05M Tris, 0.5M imidazole,
0.05%DDM, pH=8)was added and stirred on ice for 10min. Typically a
total of 50 mL of eluted protein in elution buffer was collected, and this
sample was syringe ﬁltered (0.22 μmpore size) to remove any large de-
bris or accidentally collected resin. An Amicon Ultra 15 mL centrifugal
ﬁlter tube was used to concentrate the sample down to a small volume
through repeated centrifugation at 4000 ×g and 4 °C for 20 min. The
buffer was exchanged to reconstitution buffer (5 mM NaCl, 10 mM
Tris, 0.05% DDM, pH = 8) through washing it with a total volume of
50 mL through repeated centrifugation in ﬁlter tube.
For Raman spectroscopy, the liposomes used for reconstitutionwere
made of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA) in a 9 to 1 w/w ratio.
The lipids were dissolved in chloroform and stirred for 90 min, and
the chloroform was removed under vacuum inside a desiccator for
5 h. The lipid ﬁlm was rehydrated with 1 mL of reconstitution buffer
to form an 11.1 mg/mL suspension. The solubilized, concentrated pure
protein was combined with the lipid suspension at a 2:1 protein to
lipid ratio, and Triton X-100 stock of 0.2 mg/μL was added dropwise to
the sample until the noticeable decrease in turbidity was observed.
After 6 h of stirring at 4 °C, 0.6 g/mL of BioBeads SM-2 (Bio-Rad) was
added to the sample to absorb the detergent andmixed on the Orbitron
Rotator for 24 h. A 27 G needle (BD) was used to remove the
reconstituted protein and the BioBeads were washed with a buffer
(10mMNaCl, 24mMCHES, pH=9) to collect all reconstituted protein.
The sample was centrifuged at 150,000 ×g and 4 °C for 1 h to collect
proteoliposomes. Raman spectra were collected using a wet paste of
the proteoliposomes hydrated with desired buffer using FRA106/s ac-
cessory to the Bruker IFS66vs spectrometer, with excitation at
1024 nm, at a 2 cm−1 resolution, under the OPUS software.
2.5. Low-temperature FTIR spectroscopy
Light-induced difference Fourier-transform infrared (FTIR) spectros-
copy at 77Kwasperformed asdescribed previously [46–48]. Solubilized
PspR and PaR were reconstituted in lipids (DMPC/DMPA= 9/1 (w/w))
by removing DDM with Bio-Beads SM-2 (Bio-Rad, Hercules, CA). Thereconstituted sample was resuspended in 2 mM NaH2PO4 buffer
(pH 7), and 90 μL sample was dried on a BaF2 window to make a ﬁlm.
The ﬁlm was hydrated with vapors of H2O, D2O, or D218O. The hydrated
ﬁlms of PspR and PaR in DMPC/DMPA (molar ratio of protein and lipid
was 1:20)were placed in a cell in an Oxford DN-1704 cryostatmounted
in the Bio-Rad FTS-40 spectrometer (Agilent Technology). The cryostat
was equipped with an Oxford ITC-4 temperature controller, and the
temperature was regulated with 0.1 K precision.
The hydrated ﬁlms of PspR and PaR were light-adapted with N500-
nm illumination for 1 min at room temperature, and then the tempera-
turewas immediately set at 77 K. Illuminationwith 487 nm light at 77 K
for 2 min converted PspR and PaR to their respective K-intermediates.
Since Kwas completely reconverted to the parent state for both proteins
upon illumination with N590 nm light (R-61 ﬁlter) for 1 min, as evi-
denced by the spectral shape and amplitude which is a mirror image
of that for the parent state to K transition, cycles of alternating illumina-
tion with 487 nm light and N590 nm light were repeated a number of
times. The difference spectrum was calculated from two spectra con-
structed from 128 interferograms taken before and after the illumina-
tion. 20, 40, and 40 difference spectra obtained in this way were
averaged to produce the K minus the parent state spectra in the ﬁlms
hydrated with H2O, D2O, and D218O, respectively.
2.6. Proton transport assays
Proton transport assays for PspR in the whole E. coli cells and sphe-
roplasts were performed according to the published protocol [49]. The
cells from 200 mL culture grown as described above were collected at
3600 ×g and 4 °C for 10 min. Half of the cells were washed three
times with unbuffered solution (10 mM NaCl, 10 mM MgSO4·7H2O,
100 μM CaCl2), and then re-suspended for proton transport measure-
ments. The other half of the cells were used to prepare spheroplasts,
right-side-out membrane vesicles embeddingWT PspR. Once prepared
and collected, the spheroplasts were washed three times with unbuf-
fered solution and then re-suspended for proton transport measure-
ments. A glass electrode (Accumet Microprobe Extra Long Calomel
Combo Electrode) was used to monitor pH changes of the cells or sphe-
roplasts suspended in unbuffered solution with gentle stirring. A digital
oscilloscope (Agilent Technologies DSO 1052B Digital Storage Oscillo-
scope) was used for recording the pH. The sample was illuminated
(Cole Parmer 9741-50 illuminator) with yellow light (570–590 nm)
using a glass ﬁlter.
Proton transport assays for PaR were performed in E. coli cells ac-
cording to themethod previously reported [50]. The cells were cultured
in 115 mL 2×YT medium, and collected at 2500 ×g and 4 °C for 3 min.
The cells were washed three times by resuspending in 100mMNaCl for
10 min and collected at 2500 ×g and 4 °C for 3 min. The cell suspension
was placed in a glass cell in the dark and then illuminated by a 1 kW
tungsten–halogen projector lamp (Master HILUX-HR, Rikagaku, Japan)
through a glass ﬁlter (Y-52, AGC Techno Glass, Japan) for 150 s at wave-
lengths N500 nm. The change in pH during illumination was monitored
with a pH meter (F-55, Horiba, Japan).
3. Results and discussion
3.1. Identiﬁcation of the new group of proteobacterial rhodopsins based on
sequence analysis
Growing diversity of eubacterial rhodopsins have been recognized
and analyzed in a number of recent publications [20,51–57]. An updated
phylogenetic tree of selected eubacterial rhodopsins (Fig. 1, halobacterial
BR-like proton pumps included as a reference) shows the established
groups of rhodopsins as well as a new, previously uncharacterized
group. Roughly, the tree can be broken into the two main branches,
with the lower branch being dominated by PR-like and XR-like proton
pumps (the latter includes actinorhodopsins) as well as chloride and
Fig. 1.Relationship of thenewgroup of proteobacterial rhodopsins (markedwithDTG???)
to the known groups of eubacterial rhodopsins and their haloarchaeal homolog BR. Clustal
Omega [59] unrooted neighbor-joining tree (rendered by TreeView) [60] of selected eu-
bacterial rhodopsins from public genome databases (http://www.ncbi.nlm.nih.gov/
protein and http://img.jgi.doe.gov) shows the major protein clusters as well as ESR,
which is distinct from themajor PR-like andXR-like groups. The scale bar represents num-
ber of substitutions per site (0.1 indicates 10 nucleotide substitutions per 100
nucleotides).
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the unique proton-pumping rhodopsins from Exiguobacterium (ESR)
mentioned above, in which the carboxylic donor is replaced by Lys [41,
42]. The upper branch, which is more closely related to archaeal rhodop-
sins (represented by BR-like proton pumps) contains ASR-like
photosensors (also known as xenorhodopsins) [58] and another un-
known group, tagged with three question marks in Fig. 1. From the highFig. 2.Multiple sequence alignment of the channel-forming helices (B, C, F, andG) for representa
each group are highlighted. BR — bacteriorhodopsin from Halobacterium salinarum (conserv
EBAC3108 (yellow), ASR — Anabaena sensory rhodopsin from Nostoc PCC7120 (tan), NDQ — s
Pseudomonas putida (blue). Positions corresponding to the functionally important residues of B
donor partner, Asp85— proton acceptor, Asp96— proton donor, Asp212— Schiff base counterio
that the proton donor of BR is replaced by Gly and its hydrogen-bonding partner is replaced bdegree of conservation of the retinal binding pocket (Fig. 2), it is obvious
that this group comprises true rhodopsins rather than opsin-related
proteins.
This previously uncharacterized group of microbial rhodopsins
contains representatives of several genera of gamma and alpha
proteobacteria, including Pseudomonas, Pantoea, Methylobacterium,
Sphingomonas, Sphingopyxis, and Asaia (see Supplementary Information
for the full list of sequences). The rhodopsin genes are usually found in
tandem with the key genes needed for retinal production, that of β-
carotene oxygenase [61,62]. In a recent phylogenetic analysis [51], some
members of this group were included into the same cluster as ASR-like
xenorhodopsins, but a closer look at the conserved features of both
groups (Fig. 2) shows that while they have higher sequence similarity
to each other and BR than to PR-like and XR-like proteins, they are clearly
a distinct group. Xenorhodopsins contain many unique polar residues in
their cytoplasmic halves, most of which are not conserved in the new
group, even though the predominantly polar character of this domain is
preserved. Most importantly, one of the main distinctive features of
ASR-like proteins is the unique structure of the Schiff base counterion
(homolog of anionic Asp212 of BR), which is replaced by a neutral residue
(usually Pro) in xenorhodopsins. This is in stark contrast to the situation
in the new group of rhodopsins, in which carboxylic counterion is pre-
served at this position (Fig. 2).
The overall sequence identity between PspR (chosen as a typical rep-
resentative of the new group) and other microbial rhodopsins is some-
what low, ~30%. Close inspection of the sequences (see Fig. 2 and
Supplementary Information) indicates that several residues known to
be essential for BR function are not conserved in PspR and its close ho-
mologs, or occur in a different sequence context. As summarized
below, important sequence changes likely to inﬂuence protein dynam-
ics and water interactions are largely concentrated in the cytoplasmic
proton transfer hemi-channel.
On the extracellular side of the retinal moiety of PspR, the members
of the extended retinal counterion are conserved (Arg82, Asp85, and
Asp212 in BR, Fig. 3). The sequence contexts in which these key amino
acid residues occur (i.e., groups adjacent in the sequence) are also large-
ly conserved. The two hydrogen-bonding partners of BR's Asp212, helixtives of different groups ofmicrobial rhodopsins, inwhich the typical conserved residues of
ed residues shown in purple), GPR — proteorhodopsin from gamma-proteobacterium
odium-pumping rhodopsin from Nonlabens dokdonensis (green), PspR — rhodopsin from
R are marked by red arrows and numbered according to the BR sequence (Thr46— proton
n, Lys216— retinal Schiff base). Polar cytoplasmic regions of PspR are underlined red, note
y His.
Fig. 3. Illustration of protein regions likely important for proton transfers in PspR. (A) The cytoplasmic proton transfer channel of PspR has regions markedly different from BR. The mo-
lecular graphics depicts BR (PDB ID: 1QHJ [68]) with retinal and functionally important groups shown as bonds. Carbon atoms are colored cyan, oxygen — red, and nitrogen — blue. For
transmembrane helices B, C, F, andG,we show in purple segmentswhere the amino acid sequence is signiﬁcantly different in BR vs. PspR: helix B K40–A44 and T46–L48, helix C L95–D102,
helix F F171–N176, and helix G F219–L224. For clarity, helix B is shown transparent. (B) Illustration of a cluster of polar amino acid residues on the cytoplasmic side of PspR. Starting from
the crystal structure of BR (PDB ID: 1QHJ), we prepared the F42H/T46H/T47A/D96G/F171Y/F219Y/L224E mutant using CHARMM [69] with an all-atom representation of the protein
[70,71] and retinal molecule [72–74], and TIP3Pwater [75]; the coordinates of themutated amino acid sidechains were geometry-optimized by ﬁxing all other atoms. The helical regions
colored violet contain Ser or Thr. We used VMD [76] to prepare the molecular graphics, the molecule was rotated for better view as indicated by arrow.
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family as well.
The cytoplasmic half of PspR is markedly different from that of BR,
such that overall the putative proton transfer hemi-channel is more
polar in PspR. One helical turn away from the Schiff base Lys (BR
Lys216), a Tyr replaces Phe219 in most of the new rhodopsins (Tyr213
in Fig. 3). Closer to the cytoplasmic side of helix G, the hydrophobic
stretch I222LL of BR is missing, being replaced by a TSE motif at the cyto-
plasmic tip of helix G in Pseudomonas rhodopsins. Since hydroxyl groups
of Thr/Ser can make intra-helical hydrogen bonds [63–65] and alter local
helix dynamics [66], the conserved TS motif may be important for the
local interactions and dynamics of helix G in Pseudomonas rhodopsins.
Themost dramatic amino acid replacement observed in all new rho-
dopsins is that of the BR's proton donor Asp96 in helix C and its
hydrogen-bonding partner Thr46 in helix B by Gly (and occasionally
Ala) and His, respectively (Gly84 and His37 in Fig. 3). To reﬂect the
striking lack of the carboxylic proton donor on the cytoplasmic side,
we propose to call the new group DTG rhodopsins, in line with the no-
menclature used for NTQ chloride pumps and NDQ sodium pumps [20,
51,52]. The His residue, His37 in PspR, appears to be a part of a larger
complex of polar and charged groups contributed by helices B, C, F,
and G. His33, which is present in a large number of the new rhodopsins,
replaces F42 of BR (Fig. 3). Close to His33 and His37, helix B contains
Gly, Ala, or Thr amino acid residues that could contribute to the local dy-
namics of helix B. There are several additional amino acid replacements
in PspR vs. BR that we think are important for the local dynamics at the
cytoplasmic proton donor site. In helix C, for example, one helical turnaway from BR's Asp96, the hydrophobic L99L segment is replaced by
SS in Pseudomonas rhodopsins. On helix F, YRRN replaces F171KVL
(Figs. 2, 3). A key outcome of these amino acid replacements is that, at
least in Pseudomonas rhodopsins, a cluster of polar and charged groups
largely replaces the hydrophobic cluster at the tips of helices B, C and G
of BR (F42, L100, I229).
Based on the considerations above, we suggest that the proton donor
region of PspR contains a complex cluster of intra- and inter-helical hy-
drogen bonds. The proximity of the polar cluster to the cytoplasmic
bulk indicates that water molecules likely participate in hydrogen bond-
ing. Indeed, preliminary MD computations on a PspR homology model
appear to suggest that the cytoplasmic region of PspR could host numer-
ous water molecules.
The introduction of His37 (conserved for all members of the DTG
group, see Supplementary Information) into the position homologous
to Thr46 of BR, the hydrogen-bonding partner of the proton donor, con-
comitant with the loss of the carboxylic proton donor, could be hypo-
thetically interpreted in two major ways. The ﬁrst hypothesis is that
these rhodopsins are sensory, and the conserved His residue on helix
Bmay serve as a proton acceptor, similar to the situation in halobacterial
SRI [67]. The second hypothesis is that the DTG group of rhodopsins
comprises light-driven proton pumps with the unique proton-
donating complex centered around the histidine on helix B. To verify
these hypotheses experimentally, we expressed two representatives
of the DTG group, from P. putida (PspR) and P. ananatis (PaR), in
E. coli, and characterized them spectroscopically and by proton trans-
port assays.
Fig. 5. Kinetics of the light-induced absorption changes in the photocycle of wild-type
PspR in E. colimembranes encased in polyacrylamide gel and incubated at pH 6, 50 mM
KH2PO4, 50 mMMES, room temperature.
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E. coli-expressed PspR and PaRhave red color (absorptionmaxima of
DDM solubilized proteins are 535 and 541 nm, respectively, Fig. S1). To
investigate retinal's conformation and the environment, Raman spectra
of PspR in crude E. coli membranes in lysis buffer were recorded
(Fig. S2). The observed position of the main ethylenic C_C stretch at
1532 cm−1 correlates with the absorption maximum in the visible
range [77], while the major ﬁngerprint C–C stretches at 1200 and
1165 cm−1 and the lack of an observable band at 1184 cm−1 indicate
that PspR containsmainly all-trans-retinal [78]. The retinal composition
as detected by Raman has not changed upon light-adaptation (by or-
ange light) and subsequent prolonged (up to 48 h) dark adaptation, in
great contrast to BR and ASR [79]. As many minor vibrational bands
were obscured by strong background signals from other proteins and
lipids present in the E. colimembrane, Raman spectroscopy has been re-
peated on puriﬁed lipid-reconstituted PspR (Fig. 4).
The Raman spectra of puriﬁed lipid-reconstituted PspR conﬁrmed
the main features detected in the E. coli membranes, such as the posi-
tions of ethylenic and ﬁngerprint peaks, predominant all-trans-retinal
conformation and the lack of light- and dark-adaptation. Additionally,
we could detect vibrations of the Schiff base and their isotopic shifts,
such as N–D wag vibration at 977 cm−1 and the 21 cm−1 shift of
C_N stretch from 1646 to 1625 cm−1, which is believed to be propor-
tional to the strength of hydrogen-bonding [80]. The observed isotope
shift is somewhat larger than that for BR, very similar to the one found
in ASR [81,82], but smaller than those in PR and XR-likeGloeobacter rho-
dopsin (GR) [83,84]. This indicates fairly strong hydrogen-bonding of
the Schiff base, which was further investigated with low-temperature
FTIR spectroscopy by observing N–D stretching vibrations (see below).
3.3. Characterization of the photocycle of PspR by time-resolved spectrosco-
py in the visible range
To characterize the photocycle of PspR, which can provide informa-
tion on its physiological role, time-resolved laser spectroscopy in the
visible range was applied to crude membranes of PspR-expressing
E. coli encased in polyacrylamide gels (Fig. 5). At ﬁrst glance, the
photocycle seems to be consistent with the proton-pumping function
of PspR, as its turnover is relatively fast (tens of ms), and a strong signal
of fast Schiff base deprotonation (theM intermediate at 400–420 nm) isFig. 4. Raman spectra of puriﬁed lipid-reconstituted PspR hydrated with H2O- (red) and
D2O- (blue) based lysis buffer (0.15 M NaCl, 0.05 M Tris base, 1 mM MgCl2, pH = 7.2),
vertically offset for clarity. Positions of the C_N Schiff base stretching vibrations, ethylenic
C_C stretches and ﬁngerprint C–C stretches are shown, along with N–Dwag of the Schiff
base (from left to right). Isotopic shift of the C_N Schiff base stretching vibration is shown
with the red arrow.observed, all typical for proton pumps [3,25]. One can also clearly ob-
serve fast and slow red-shifted intermediates (K-like and O-like).
Global multi-exponential analysis of the kinetic traces collected
every 20 nm (Fig. 5) revealed additional details of the photocycle,
which could be reliably represented by 5 statistically valid exponential
processes (Fig. 6). The “Initial” spectrum represents a snapshot of the
formation of the red-shifted K-like intermediate, and progression of
the photocycle from this point can be followed by looking at the
decay-associated spectra, where positive amplitudes represent decay
and negative amplitudes represent formation of intermediates or their
mixtures [45]. The ﬁrst time constant (τ1 = 3 μs) is likely to represent
a decay of the red-shifted K-like intermediate into the blue-shifted L-
like intermediate and its early equilibration with the M-like intermedi-
ate (analogous to the ~1 μs component of the BR photocycle) [85,86].
The next kinetic component (τ2 = 23 μs) is the main phase of the M-
like intermediate formation (Schiff base reprotonation) from the K/L
mixture. The third component (τ3 = 0.8 ms) is likely to represent M1
to M2 sub-state transition [87], in which M1 equilibrated with an L-
like intermediate converts into M2 in equilibrium with an O-likeFig. 6. Spectra of the kinetic components of the PspR photocycle extracted by globalmulti-
exponential analysis of the data in Fig. 5. The spectrum labeled “Initial” represents extrap-
olation of the ﬁt to zero time point. Characteristic times of the spectral components are
shown in the inset and discussed in text. The negative absorption means formation of in-
termediate(s), whereas the positive absorption corresponds to their disappearance.
Fig. 8.pH-dependence of thephotocycle ofwild-type PspR in E. colimembranes encased in
polyacrylamide gel measured at 420 nm (blue), 460 nm (cyan), 540 nm (green) and
620 nm (red). pH is 4, 5, 6, 7, 8, and 9 going from left to right.
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which looks almost spectrally silent for the short wavelength region but
shows growing absorption at the long wavelengths at the expense of
the disappearing absorption at around 500 nm. The last two processes
(τ4 = 6 ms and τ5 = 27 ms) correlate to the two phases of the M
decay (Schiff base reprotonation), the ﬁrst of which is also the main
decay of the O-like intermediate. It appears that the O-like intermediate
may not be the last intermediate of the photocycle, which has been ob-
served for other retinal proteins [88,89]. It should be noted that we call
it O-like solely based on its red-shifted absorption, while its molecular
structure may be similar to the N intermediate of BR.
Based on the above data, four characteristic wavelengths have been
selected for further characterization of the photocycle of the wild-type
andmutant PspR under different conditions (420 nm for theM interme-
diate, 460 nm for the L-like intermediate, 540 nm for the dark state, and
620 nm for the K-like and O-like states). To verify the proton-pumping
function of PspR and to get insight into themechanism of proton trans-
location, we studied cation and anion dependence, kinetic isotope ef-
fect, and pH-dependence of its photocycle. As expected for a proton
pump, the photocycle was not strongly changed by the addition of
0.5 M sodium chloride or potassium chloride to the 50 mM potassium
phosphate/MES buffer (Fig. S3), but was strongly proton-dependent
(Figs. 7 and 8).
First, a strong kinetic isotope effect (KIE) on the photocycle of PspR
was observed upon the replacement of H2OwithD2O (Fig. 7). More spe-
ciﬁcally, both deprotonation and reprotonation of the Schiff base (M rise
and decay), as well as kinetics of the O-like state rise and decay show
signiﬁcantly slower rates. Large KIEs, such as the oneobserved forM for-
mation of BR are often associated with proton transfers in hydrogen-
bonded networks [90,91]. While the KIE observed for the overall M
rise of PspR (~4.5) is similar to that observed for BR (~5), the KIE for
the overall M decay (~3.5) is larger than in BR (~1.8) [91], and similar
to the one observed for ESR [41]. This is consistent with a mechanism
of Schiff base reprotonation different from the classical BR-like mecha-
nism with a carboxylic proton donor, and possibly involving
hydrogen-bonded networks, in line with the polar nature of the cyto-
plasmic half of PspR.
Second, the photocycle of PspR was found to be strongly pH-
dependent (Fig. 8), in a way typical for known proton pumps. While
theM rise, which is likely to represent transfer of the Schiff base proton
to the primary proton acceptor Asp73 (homolog of Asp85 of BR), is vir-
tually pH-independent, the reprotonation of the Schiff base (the M
decay) has a pH-dependence consistentwith the presence of an internalFig. 7. Kinetic isotope effect on the photocycle of wild-type PspR in E. coli membranes
encased in polyacrylamide gel and incubated at pH/pD 6, with other conditions being
the same as in Fig. 5.proton donor (Fig. S4). Such pH-dependencies tend to be shallow at low
pH, where the internal proton donor is protonated, but become steeper
at higher pH values [13]. It should be noted that the pKa of the primary
proton acceptor of PspR should be very low, as a signiﬁcantM formation
was observed at pH as low as 1 (not shown), but it could not be mea-
sured reliably as the spectral titration was not possible to complete
without denaturing the protein.
3.4. Proton transport assays
While characteristics of the photocycle of PspR presented above are
suggestive of its proton-pumping role, the direct veriﬁcation of proton
transport capability is necessary to conﬁrm its putative physiological
function. Thus, light-induced pH changesweremeasured in cell suspen-
sions of PspR and PaR (Fig. 9). Robust light-induced acidiﬁcation was
observed in both cases, consistent with BR-like outward proton trans-
port. To verify the active nature of the proton transport, the cells were
treated with the protonophore CCCP (10 μM concentration), which
greatly reduced the light-induced pH changes, as expected. An addition-
al experiment aimed at eliminating possible cell-related artifacts [49]
was conducted on spheroplasts made from E. coli cells expressing
PspR, and the result was qualitatively similar to the one observed in
cell suspensions, conﬁrming the proton-pumping ability of PspR.
3.5. Investigation of proton transport mechanism by site-directed
mutagenesis
To identify main participants in the mechanism of proton transport
by PspR, several mutants suggested by the sequence analysis (see
above) were expressed and characterized by time-resolved spectrosco-
py in the visible range. First, Asp73, homologous to the primary proton
acceptor Asp85 of BR,was replaced byAsn. As expected from the pheno-
type of the homologous D85N mutant of BR [92–94], the resulting pro-
tein was blue (strongly red-shifted absorption maximum), and existed
in pH-dependent equilibrium with a yellow form with deprotonated
Schiff base (Fig. S5). The spectral red-shift and the strong decrease of
the pKa of the Schiff base are consistent with Asp73 being a part of
the Schiff base counterion and being deprotonated. As expected from
its role as a primary proton acceptor, the replacement of Asp73 with
non-protonatable residue resulted in a dramatic decrease of the M in-
termediate amplitude and much slower rate of M formation (Fig. S5),
again similar to the respective mutant of BR [92,93]. Thus, one can
Fig. 9. Light-induced pH changes in suspensions (left) and spheroplasts (center) of E. coli cells expressing PspR and suspensions of E. coli cells expressing PaR (right).
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primary proton transfer occurs between the Schiff base and a homolog
of Asp85 of BR.
As described above, the homolog of the cytoplasmic proton donor
(Asp96 of BR) is Gly84 (Fig. 2), while its hydrogen-bonding partner
(Thr46 in BR) is replaced by histidine (His37 in PspR), conserved in
the whole DTG group. To test the hypothesis that His37 may be the
new proton donor, moved from helix C to helix B, we replaced His37
by Asn, Tyr, and Arg, chosen to preserve polarity, aromaticity, or charge,
respectively, at the same time removing the ability to donate protons. If
His37 is the new proton donor, it is expected that replacing it with a
non-protonatable residue will result in much slower reprotonation of
the Schiff base (Mdecay), which is the case for H37Y andH37Rmutants
where the overall rate ofM decay (in a simplistic single-exponential ap-
proximation) is slowed down ~200- and ~12-fold, respectively
(Fig. 10). Surprisingly, M decay rate in the H37N mutant was affected
only slightly (~1.7-fold slower than the wild-type), which suggests
that His37 is not a sole proton donor, but rather a part of the
hydrogen-bonded proton-donating complex and Asn (but not Tyr or
Arg) can fulﬁll its role almost as efﬁciently. Importantly, the pH-
dependence of the M decay in the H37N mutant (Fig. S6) is similar toFig. 10. Effect of His37 replacement on the PspR photocycle, measured in E. colimembranes en
shown for comparison and taken from Fig. 7, the mutants H37N (B), H37R (C), and H37Y (D) wthat observed for the wild-type, which suggests that it does not origi-
nate from deprotonation of His37. Another interesting observation is
that deprotonation of the Schiff base (M rise) is somewhat slowed
down in H37N and H37Y (1.9- and 1.5-fold, respectively), but not in
H37R (Fig. 10), whichmay suggest that a positive charge at this position
has a long-range effect on the Schiff base. Finally, it should be noted that
the H37Nmutation produces another long-range effect, resulting in ap-
parent redistribution between the K and L intermediates, which results
in a dramatic decrease of the absorption changes at 620 nm in the mi-
crosecond range with simultaneous appearance of the positive kinetic
feature at 460 nm.
3.6. Structural details of the retinal environment and bound water studied
by low-temperature FTIR spectroscopy
To investigate the retinal environment and its structural changes in
PspR and PaR upon photoexcitation, we measured their light-induced
FTIR spectra at 77 K. At this temperature, the primary K intermediate
is stable and can be accumulated under illumination.
The difference FTIR spectra in the 1800–850 cm−1 region, where
the structural changes of protein backbone, amino-acid side chainscased in polyacrylamide gel and incubated at pH 6. The photocycle of the wild-type (A) is
ere measured under the same conditions. Note that the time scale for H37Y is extended.
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state, are shown in Fig. 11 for PspR and PaR and compared with
those for BR. Overall, the spectra of PspR and PaR are similar to that
of BR. The spectral change in the C–C region (1253 (−)/1202 (−)/
1195 (+) cm−1 for PspR and 1254 (−)/1202 (−)/1195 (+) cm−1
for PaR) indicates all-trans- to 13-cis-retinal isomerization upon
the K formation, analogous to BR. Spectra of PspR and PaR showed
an additional peak at 1184 (+) cm−1 which is insensitive to D2O, ab-
sent in the spectrum of BR. The photoproduct of 13-cis form of BR
was reported to show a similar D2O-insensitive peak at 1180 cm−1
[95]. Since the initial state of PspR and PaR contains only residual
amounts of 13-cis-retinal, a 1184 (+) cm−1 band must representFig. 11. The light-induced difference FTIR spectra of the primary K intermediate minus the pare
1000–920 cm−1 (C) regions. The samples were hydratedwith H2O (solid lines) or D2O (dotted l
ecules are highly oriented. The spectrum of BR is reproduced from Ref. [46] where the sample
absorbance units for (B) and (C), respectively.the absorption of the photoproduct from all-trans retinal and it sug-
gests the presence of the structural heterogeneity of retinal in the K
state or accumulation of subsequent intermediates such as KL or L.
Fig. 11B shows the same spectra in the 1750–1600 cm−1 region,
where mainly C_O stretches of side-chains, C_N stretch of retinal,
and amide-I band appear. The 1741 (+)/1737 (−) cm−1 of PspR
and 1739 (−)/1735 (+) cm−1 of PaR are sensitive to H2O/D2O ex-
change. They must correspond to 1742 (−)/1734 (+) cm−1 of BR
which were identiﬁed as belonging to protonated carboxylic acid
Asp115 [96]. Thus, similar structural change occurs for Asp110 of
PspR, Asp120 of PaR and Asp115 of BR, even though the amplitude
of these bands was larger for PspR and PaR than for BR.nt state for PspR, PaR and BR at 77 K in the 1800–850 cm−1 (A), 1750–1600 cm−1 (B) and
ines). In the hydrated ﬁlms, PspR and PaRmolecules are oriented randomly,while BRmol-
window is tilted by 53.5°. One division of the y-axis corresponds to 0.01 for (A) and 0.005
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change was assigned to C_N stretching vibration of retinal Schiff base
[97]. There is a well-known correlation between the frequency differ-
ence (Δν) between H2O and D2O and the strength of hydrogen bond
of retinal Schiff base (Δν=13 cm−1 for BR) [80,98,99]. The correspond-
ing bands were observed at 1646 (−) cm−1 for PspR and PaR in H2O,
which shifted to 1628 cm−1 (Δν= 18 cm−1) and 1626 cm−1 (Δν=
20 cm−1), respectively, consistent with 21 cm−1 shift of C_N
stretching vibration observed in the Raman spectrum of PspR (Fig. 4).
This indicates that the hydrogen bonding of retinal Schiff base of PspR
and PaR is stronger than BR. However, because of the overlapping
amide-I bands, the conclusive assignment of C_N stretches is difﬁcult
in this region (in fact, the reductions of amplitude of the 1639 (−)
(PspR) and 1638 (−) cm−1 (PaR) bands were also observed upon H/
D-exchange). In order to obtain more precise information, we investi-
gated the N–D stretching vibrations appearing in the higher wavenum-
ber region (vide infra).
The hydrogen out-of-plane (HOOP)modes of retinal are observed in
the 1020–920 cm−1 region (Fig. 11C). All of the positive bands in this
region for PspR and PaR were shifted upon H2O/D2O exchange. This
means that the structural change of retinal in theK-intermediatemainly
occurs at the Schiff base side and the β-ionone ring side is not signiﬁ-
cantly affected. Although the spectral changes of PspR and PaR in the
HOOP-region were similar to BR, the amplitudes of the bands at 973
(+) and 976 (+) cm−1 of PspR and PaR, respectively, weremuch larger
than for the 974 (+) cm−1 band of BR. Because this band was assigned
to C15-H in BR [78], this result suggests that the structural change
around C15 of retinal is much larger for PspR and PaR.
Fig. 12 shows the light-induced difference FTIR spectra of PspR and
PaR hydrated with D2O (blue lines) and D218O (red lines) in the 2750–
1950 cm−1 region, where O–D and N–D stretches appear. The bands
shifted between D2O and D218O represent O–D stretch of watermolecules.
Although ﬁve negative and four positive water bands were observed (la-
beled green in Fig. 12) for both PspR and PaR, therewere still fewerwater
bands than what is observed for BR which has six negative and ﬁve posi-
tive water peaks. This suggests that there are fewer water molecules
whose structures are perturbed by retinal isomerization in PspR and
PaR, and theirwater-containing hydrogen bondingnetworks are different
from BR. We previously reported that all H+ pumping rhodopsins show
thebandof low-frequencyO–Dstretching vibration representing strongly
hydrogen-bonded water molecules in the b2400 cm−1 region [44]. This
strongly hydrogen-bonded water is considered to be indispensable for
H+-pumping function. In the present study, such strongly hydrogenFig. 12. The light-induced difference FTIR spectra of the primary K intermediateminus the
parent state for PspR, PaR, and BR at 77 K in the 2750–1950 cm−1 region. The sample was
hydratedwithD2O (red lines) orD218O (blue lines). Spectrumof BR is reproduced fromRef.
[48]. Green-labeled frequencies correspond to those identiﬁed as water stretching vibra-
tions. In BR, the underlined frequencies are N–D stretches of the Schiff base. One division
of the y-axis corresponds to 0.001 absorbance units.bonded-watermolecules are observed for PaR andPspRat 2255 cm−1. Al-
though the strength of this hydrogen bond is slightly weaker than in BR
(2171 cm−1), we consider this water molecule to be the homolog of
BR's water 402 which is important for H+ pumping function.
In the 2200–2000 cm−1 region, N–D stretching vibration of retinal
Schiff base is observed. For BR, it was assigned to the band at 2171 (−)
cm−1. PspR and PaR also showed similar bands at 2159 cm−1. Although
nitrogen isotopic labeling is required for more precise assignments, the
positions of these bands imply that the retinal Schiff-base of PspR and
PaR makes a stronger hydrogen bond than in BR. The 2124 (−) cm−1
band of BR was also assigned to the N–D stretch of the retinal Schiff
base, implying that a fraction of molecules forms stronger hydrogen
bonds than the rest. The putative corresponding bands were observed
at 2004 (−) and 2002 (−) cm−1 for PspR and PaR, respectively. This
also implies the presence of aminor fraction of the proteinswhose retinal
Schiff base is extremely strongly hydrogen bonded. In summary, low-
temperature FTIR suggested that PspR and PaR representing a new class
of H+ pumps have structural features in common with BR, a typical H+
pump. These structural features include similar light-induced changes of
the bands of retinal, structural changes of the aspartic acid in helix D
(Asp110 of PspR and Asp120 of PaR), and strongly hydrogen-bonded in-
ternal water. However, PspR and PaR showed signiﬁcant differences
from previously studied rhodopsins, including fewer internal water mol-
ecules and stronger hydrogen bonding of the retinal Schiff base.
4. Conclusions
We have identiﬁed a new group of proteobacterial rhodopsins with
proton-pumping ability (and named it DTG rhodopsins). TheDTGgroup
is most similar to ASR-like xenorhodopsins in terms of the primary
structure of its members, but is distinct by not sharing the conserved
features of ASR. Instead, all members of the DTG group possess a unique
His residue in place of Thr46 of BR and lack the carboxylic proton donor
(Asp96 of BR). We proved that two proteins from this group can pump
protons under illumination by using proton transport assays in suspen-
sions of E. coli cells. Further, a number of features, such as fast
photocycle turnover, fast Schiff base deprotonation and reprotonation
(the M intermediate formation and decay), its proton dependence
(both pH-dependence and kinetic isotope effects), and presence of a
strongly-boundwatermolecule in the Schiff base vicinity, are all consis-
tent with the proton-pumping function of the new DTG group. Site-
directed mutagenesis data suggest that the unique conserved histidine
residue on helix B may be a part of the proton-donating complex, but
is unlikely to be the sole proton donor. These ﬁndings further expand
the range of structures and mechanisms of microbial rhodopsins and
offer new scenarios of light-driven proton transport across the cell
membrane. It remains to be found why the DTG group of proton
pumps employed a completely different mechanism of reprotonation
of the Schiff base.We believe that the reasonmust be related to physical
parameters of their habitat, as most of proteobacteria harboring PspR-
like proteins are soil- and plant-associated, unlike the other, mainly
aquatic, bacteria expressing different microbial rhodopsins.
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